The effect of the NiO x thickness on the photovoltaic properties in planar type lead iodide perovskite solar cells consisted of Tin-doped indium oxide (ITO)/NiO x /Perovskite/Phenyl-C61-Butyric-Acid-Methyl Ester (PCBM)/Ag was investigated. For films ranging from 35 nm to 120 nm in the thickness, the NiO x thickness was found to be not crucial in fill factor and open circuit voltage. Calculations of the carrier flux in NiO x , estimated from Einstein-Smoluchowski relation and Fick's first law, found the carrier transport ability of the NiO x to fully compensate the photo-generated current density in perovskite layers and the theoretical current density ca. 26 mA cm −2 . The favorable physical properties such as mobility and thickness were also estimated for effective carrier transport in perovskite solar cells assuming that the carrier density is 10 15 cm −3
Introduction
Lead halide perovskite solar cells have been intensively investigated because the perovskite semiconductors have the large absorption coefficients in the visible region and long carrier diffusion length. The efficiency of the perovskite solar cells has improved from 3.8% to 19.7% within 7 years since Kojima et al. introduced the perovskite materials as a sensitizer in sensitized TiO 2 solar cells in 2009. 1, 2 Planar type perovskite solar cells have been developed to circumvent the complicated analysis of perovskite semiconductor in mesoporous structure, and to produce the perovskite solar cells via lower temperature processes. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] We have demonstrated that the solar cells consisting of Tin-doped indium oxide (ITO)/Poly (3,4-ethylenedioxythiophene) : Poly(styrenesulfonate) (PEDOT:PSS)/Perovskite/Phenyl-C61-Butyric-Acid-Methyl Ester (PCBM)/Ag ( Fig. 1 ) have the ideal diode properties and high reproducibility. [14] [15] [16] [17] [18] From the Mott-Schottky plot, the perovskite solar cells can be considered as pin structure, consisting of p-type/ intrinsic/n-type semiconductors. 15 Recently, several hole transport materials (HTM) have also been introduced into the perovskite solar cells in place of PEDOT:PSS to obtain probable device application or efficient devices. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] The typical requirements for HTMs of perovskite solar cells are as follows.
(1) Energetics: HOMO or valence band edge of HTM must be energetically higher than the valence band of the perovskite semiconductor to smoothly transfer carriers from HTM to the perovskite. (2) Transparency: The light absorption in ultraviolet (UV) -visible region must be reduced if the incident light comes from the HTM side. (3) Carrier transport: The carriers must be effectively transported in HTM without stagnation and recombination. (4) Electron Blocking: HTM layer must suppress the electron transfer or electron transport from the perovskite to the conductive glass. These requirements of HTMs are also applicable to the electron transport materials (ETMs). NiO x has been introduced as the HTM and electron blocking layer for perovskite solar cells to improve the stability of the device by place from organic HTM to inorganic HTM. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The valence band edge (E VB ) of NiO x is also energetically matched with that of perovskite. 19, 22, 25, 26, 33 The transmittance of NiO x is very high in the visible region because the band gap of NiO is over 3.0 eV. The metals other than Ni or other inorganic metal oxides have been introduced into NiO x because of low conductivity of NiO x . [30] [31] [32] However, Park et al. reported that the photovoltaic properties did not depend on the thickness of nano-crystalline NiO. 26 In the case of these introduction of novel HTMs or ETMs, the favorable perovskite solar cell properties such as thickness, mobility, and carrier density in considering (3) has not been clearly discussed in the perovskite solar cells. We prepared flat thin films of NiO x on ITO and changed the thickness of NiO x from 20 nm to 120 nm by changing the sputtering time. The suitable parameters such as mobility, carrier density, and the thickness of the film for carrier transport layer in perovskite solar cells are discussed from evaluation of the NiO x thickness dependent photovoltaic properties in the perovskite solar cells. These results and discussion will help the development of carrier transport layers in perovskite solar cells. 
Experimental
NiO x layers were prepared by the sputtering NiO (Kojundo Chemical lab. Co. Ltd., Saitama, Japan) in a Radio frequency (RF) sputtering machine (Sanyu Electron Co., Ltd., Tokyo, Japan, SVC-700RF II NA). The sputtering condition was chosen based on the literature. [34] [35] [36] The crystal structure of NiO x layers was characterized by X-ray diffraction (XRD) (Rigaku Co., Tokyo Japan, XRD SmartLab), while the flatness and thickness of these layers were characterized by a stylus profilometer (Kosaka Laboratory Ltd., Tokyo, Japan, ET200-S). The roughness on the surface of the NiO x layer was confirmed by a scanning atomic force microscope (Shimadzu co., Kyoto, Japan, SPM-9700) and scanning electron microscope (SEM) at 5 kV accelerating voltage (Hitachi, S-4800). The valence band edge of the NiO x layer was confirmed by a surface analyzer (Riken Keiki Co., Ltd., Tokyo, Japan, AC-3). Transmittance of the NiO x layers and the solar cells was measured by an Ultraviolet-visible-near-IR spectrophotometer (Shimadzu co., Kyoto, Japan, UV-2600). After cleaning the surface of the NiO x layer, the perovskite and PCBM layers were prepared and deposited as reported. 14, 17, 18 After Ag deposition, the devices were sealed by a glass plate. The current density-voltage (J-V ) characteristics was measured by a solar simulator system (Asahi Spectra Co. Ltd., California, USA). The scan rate of the J-V curve was 50 mV s
¹1
. The bias was scanned between ¹0.2 and 1.2 V. The I-V curve did not depend on the scan direction. Therefore, the data shows the average value of the forward direction from ¹0.2 to 1.2 V and the reverse direction from 1.2 to ¹0.2 V. The external quantum efficiency (EQE) and the reflectance from these devices were measured with a CEP-200BX spectrometer (Bunkokeiki, Tokyo, Japan). An aperture mask was put on the solar cells during J-V and EQE measurement. The active device area was 0.18 cm 2 , as defined by the aperture mask.
Results and Discussion

Characterization of NiO x layer
The thickness of the NiO x layers were controlled by the sputtering time. The sputtering rate is 20 nm h
¹1
. XRD patterns of the sputtered NiO x layer on glass was recorded as shown in Fig. 2 . The thickness of the layer is 20 nm and the X-ray incident angle against the sample substrate was fixed at 0.3°. The X-ray detect angle was changed against the substrate. The three peaks, located at a 2ª value of 36.8°, 42.9°, and 62.3°, were assigned to be planes (111), (200), and (220) of NiO, respectively. [34] [35] [36] The small two peaks at 74.4°and 78.3°can be also assigned to be planes (311) and (222) of NiO, respectively. 36 We assumed that the thin layer can be assigned as NiO x (x µ 1) from the XRD result.
The roughness of the sputtered NiO x layers was also confirmed visually by the scanning atomic force microscope (AFM) and the scanning electron microscope (SEM). The topography measured by the AFM in the area of 1 © 1 µm is shown in Fig. 3 . The layer consists of many small grains with diameter <20 nm. Some large particles with diameters >50 nm were also observed and are represented by white spots in Fig. 3 . Grains with diameter <20 nm and large aggregates were also observed by the SEM. The size of these aggregates are similar to the white spots in Fig. 3 . The exact identity of these clusters is unknown. However, they are most likely clusters of NiO x that formed during the sputtering process. The aggregations are most likely one of the contributing factors to low fill factor in photovoltaics devices as discuss in the Photovoltaic properties section.
The energy diagram of sputtered NiO x , PEDOT:PSS, perovskite, and PCBM is shown in Fig. 5 . 3, 8, 21 Based on the measurements taken by the surface analyzer, the work function of the sputtered NiO x was estimated to be ca. 5.5 eV. The valence band edge (E VB ) of NiO x has been reported to vary from 5.05 to 5.5 eV and depends on the surface condition of NiO x . 19, 22, 25, 26, 33, 37 The surface condition of NiO changes due to exposure to air or by surface treatments. The open circuit voltage (V OC ) is determined by the difference between the E VB of NiO x and the conduction band of PCBM. The V OC value of NiO x was close to 1.05 V, and ca. 0.1 eV higher than that of PEDOT:PSS as shown in the Photovoltaic properties section. Therefore, the E VB of the NiO x layer covered with the perovskite probably shifts to the E VB (5.4 eV) of the perovskite semiconductor. The photo-generated electrons and holes in the perovskite layer can be extracted at the interfaces of PCBM/perovskite and NiO x / perovskite, respectively.
Photovoltaic properties
Photovoltaic properties of perovskite solar cells under illumination of AM 1.5, 100 mW cm ¹2 , are summarized in Table 1 . The hysteresis for the scan direction and scan rate was not observed in these devices. 38 The V OC and the fill factors (FF) of the solar cell consisting of NiO x did not depend on the thickness of NiO x . The V OC is generally influenced by the carrier recombination in the solar cells, and the energy gap between the valence band edge of NiO x and the conduction band edge of PCBM. Since the valence band of NiO x must be independent of its thickness, V OC should be dictated mainly by the recombination process. From these results, it is also possible to conclude that the bulk properties of NiO x such as impurities, defect sites and grain boundaries do not induce the recombination process, because V OC is constant against the thickness of NiO x . Note that insufficient carrier transport ability in HTM also reduces the FF and V OC values. In case of dye-sensitized solar cells based on ionic liquid, quasi-solid, or solid state electrolyte, the 
The FF values of the cell composed of NiO x were smaller than that of PEDOT:PSS. According to simple diode fitting, the series resistance (R s ) values of these NiO x devices are larger than those of PEDOT:PSS where the R s value is linearly related to the sheet resistance (R sheet ). Thicker conductive layer on glass can reduce the R sheet because R sheet is expressed as µ d ¹1 where d is thickness and µ is the resistivity. Although PEDOT:PSS is considered as a p-type material, the µ value of PEDOT:PSS is very low, ranging from 1 to 5000 ³ cm. Therefore, the addition of conductive PEDOT:PSS on ITO can reduce the total R sheet . The shunt resistance (R sh ) of the cell based on NiO x was smaller than that of PEDOT:PSS, and the V OC value of perovskite solar cells containing NiO x are significantly larger than that of PEDOT:PSS. Notice that the valence band edge of NiO x is almost similar to that of PEDOT:PSS, as shown in Fig. 5 . Therefore, we assumed that two mechanisms are responsible for the small R sh of the cell containing NiO x . The first assumption is that different carrier recombination processes are produced by trap sites in NiO x . Another assumption is that the electronic or bulk structural properties in perovskite layer changes when the substrate is changed from PEDOT:PSS to NiO x . The J-V curve of the cells containing PEDOT:PSS is ideally fitted by the one or two diode models. 14, 15 Therefore, in case of PEDOT:PSS, we assumed that the electrons in the conduction band of the perovskite directly recombine with the hole in the valence band of PEDOT:PSS, or recombine through the in-gap recombination centers in the bulk perovskite (the ShockleyRead-Hall mechanism). On the other hands, the J-V curve of the cells containing NiO x is not ideal. In case of metal oxide, the defect including oxygen, grain boundary, or impurities generally produces the carrier trap sites in the band gap. We are concluding that the aggregations present in Fig. 3 and 4 must be trap sites at the interface between NiO x and perovskite. We assumed that these trap states in NiO x induce the complicated recombination process because the trap sites are widely distributed in energy and space.
The layer structure of the perovskite such as morphology, grain size, and roughness strongly depends on the substrate. Aggregates on the surface as shown in Fig. 3 and 4 must also influence the crystal growth of the perovskite, leading us to believe that the optical properties such as light absorption and reflective index must be influenced by the layer structure. The formation of perovskite layer on the NiO x was quite different from that on PEDOT:PSS because of the affinity of the NiO x to the spin-coating solution, and the interaction between perovskite and NiO x . The shape of Figure 5 . Energy levels of the materials in perovskite solar cells. The highest data were selected from 4 devices. The deviation of these efficiency were below «1%. Electrochemistry, 85(5), 231-235 (2017) photocurrent action spectras, which are discussed later, also seems to depend on the layer preparation. The lack of reproducibility for the preparation of the perovskite layer is probably due to the surface structure of NiO x , as the crystal growth of the perovskite on the NiO x produces many trap states in the perovskite bulk layer. These trap sites may result in the low FF. The short circuit current density (J SC ) of the NiO x (35 nm) was similar to that of PEDOT:PSS. The J SC values decrease with increase in thickness of the NiO x as shown in Table 1 . The photocurrent action spectra and reflectance spectra of transparent perovskite solar cells are shown in Fig. 6 . In the case of 60 and 120 nm thick NiO x , the decreases of reflectance around 875 and 950 nm are due to interference by the NiO x layer, respectively. In the case of the transmittance of NiO x layer on ITO glass, the transmittance of NiO x barely changes when the thickness increases from 20 to 60 nm. However, the transmittance decreases 10% below 400 nm and around 900 nm in films with thickness over 100 nm. The loss below 400 nm is due to light absorption of NiO x , because the band gap energy corresponds to 354 nm. The loss around 900 nm comes from interference of the NiO x layer. These interference peaks suggest the construction of homogeneous layers with narrow thickness distribution on the substrate. The reflectance between 300 and 800 nm in Fig. 6 are caused mainly by the perovskite layer of the device, and is very closely related to the external quantum efficiency (EQE) against wavelength. The internal quantum efficiency of three devices (IQE) is calculated to be ca. 80%. The cause of several peaks between 350 and 700 nm cannot be determined; however, it is important to note that light interference effect must be included in these spectra. Furthermore, the absorption of perovskite layer also depends on the layer preparation. The EQE slightly decreases with increase in NiO x thickness. The J SC values at NiO x thickness of 35, 60, and 120 nm calculated from these action spectra were 19, 17.8, 16.7 mA cm ¹2 , respectively. Though the calculated J SC were slightly smaller than that in Table 1 , the J SC decreases with increase of NiO x thickness. The decrease of J SC can be attributed to the incident light loss caused by the NiO x layer.
3.3 The effect of carrier transport in HTMs on the photovoltaics Though the incident light loss is observed in thicker NiO x layers, the V OC and FF values do not change. These results suggest that photovoltaic properties are not affected by the carrier transport in the thick NiO x layers. The generated carrier flux in perovskite layer under illumination need to be smoothly transferred in carrier transport layer. The maximum J SC value in typical perovskite solar cells is ca. 26 mA cm
¹2
. 42 If the generated carrier flux in the perovskite layer is 26 mA cm ¹2 as current density, the generated carrier flux corresponds to 1.6 © 10 17 cm ¹2 s
¹1
. The maximum J SC value in typical perovskite solar cells is still smaller than the ideal maximum J SC = 33 mA cm ¹2 of non-perovskite solar cells, assuming that 90% of solar light energy is converted into photocurrent between wavelengths of 400 to 1000 nm. The maximum carrier flux in the solar cells is calculated from J SC = 33 mA cm ¹2 and found to be 2.1 © 10 17 cm ¹2 s
. If the carrier flux in the carrier transport layer is lower than the generated value, the FF value decreases in a way similar to those of dye-sensitized solar cells fabricated from quasi-solid or high viscous electrolyte solution. [39] [40] [41] Therefore, the carrier transport ability of photovoltaics need to be discussed on the point of the carrier flux.
We assume that the carrier flux (J ) can be expressed as the following equation:
where q is the charge of an electron, D is the diffusion coefficient, n is carrier density, and x is distance in the layer, respectively. Equation (1) is well-known as Fick's first law. In the case of NiO x layer below ca. 150 nm, we assume that the electric field in the NiO x layer can be ignored. The space charge layer in thin semiconductors have been discussed in mesoporous metal oxide. 43, 44 The generation of an electric field as a space charge layer requires the transfer of mobile charge carriers at the semiconductor interface of n/p, i/n or i/p junction. For example, in case of n/p junction, the carrier transfer from electrons in n-type semiconductor to holes in p-type semiconductor takes place at the interface until the Fermi level in the n-type semiconductor become equal to that in the p-type semiconductor. Thus, the immobile donor state in n-type semiconductor and immobile acceptor state in p-type semiconductor are required to produce the electric field within these semiconductors. However, mobile holes in very thin NiO x are too small to compensate for the electrons in the perovskite. Therefore, the space charge layer cannot be produced in NiO x . By assuming the band flat condition in the NiO x layer, we can express the D value as the following equation from the Einstein-Smoluchowski relation.
(c) 45 Assuming that the photo-generated carrier is equal to the n values in Eq. (1), the ® value needs to be at least 4 © 10 ¹2 cm 2 V s
. The D value is also calculated to be >1 © 10 ¹3 cm 2 s ¹1 . These parameters such as ®, D, and µ are relatively small because the d value is small.
In comparison with NiO x , the suitable ® value for HTM in perovskite solar cells is much smaller than that of NiO x . From the estimation, the thickness of NiO x can be 130 nm if the ® value of NiO x is 0.1 cm 2 V s ¹1 .
Conclusions
The effect of the NiO x thickness on the photovoltaic properties of perovskite solar cells was investigated to understand the influence of carrier transport in HTMs on the photovoltaic properties of the perovskite solar cells. Though the Jsc decreases with increase of NiO thickness, the V OC value and FF value remains constant. In the case of thin layers below 150 nm, we assumed that the electric field in NiO x can be neglected. Einstein-Smoluchowski relation and Fick's first law can be used to estimate carrier flux in NiO x (the thickness is 50 nm). A ® value greater than 4 © 10 ¹2 cm 2 V ¹1 s ¹1 is needed in the carrier transport layer to compensate for the maximum theoretical J SC if the transparent thin carrier transfer layer is formed below 50 nm and carrier density is 10 15 cm ¹3 in this layer. The ® value of NiO x was reported to be 0.1-0.6 cm 2 V ¹1 s
¹1
. Though the µ value of NiO x has been improved by the doping technique, the carrier flux in NiO x fully compensates the Jsc generated in the perovskite layer. In this estimation, the NiO x is fully suitable as HTM in perovskite solar cells. These considerations can contribute to the design of carrier transport materials with the requirement of energetics, transparency, carrier transport, and electron blocking.
